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Characteristics of Electron Injection at the Oxide Electrode / 
Polyethylenimine Ethoxylated / Alq3 Interface  
Masahiro Morimoto*, Taishi Yoshida, Shigeki Naka, and Hiroyuki Okada 
Graduate School of Science and Engineering for Research, University of Toyama, 




Inverted organic light-emitting diodes (inverted OLEDs) require electron injection to an 
organic semiconductor from a transparent oxide electrode. Polyethylenimine ethoxylated 
(PEIE) has attracted considerable attention as an electron injection material. An injection 
mechanism has been suggested; however, the barrier height of electron injection has not 
been determined. In this paper, we present the experimental values for the electron 
injection barrier height at the transparent oxide electrode/PEIE/organic semiconductor 
interface. Electron-only devices, consisting of indium-tin-oxide (ITO)/PEIE/tris(8-
hydroxyquinolinato) aluminum (Alq3)/Al, are fabricated. The temperature dependence of 
the current–voltage curves is measured corresponding to the electron injection of the 
ITO/PEIE/Alq3 interface. The current–voltage curves are found to be independent of the 
measurement temperature, which is explained by the tunneling model. The tunneling 
injection barriers height are calculated, and the experimental injection barrier height will 
be important for the development of inverted OLED devices. 
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1. Introduction 
An organic light-emitting diode (OLED)1,2 generally consists of an oxide electrode 
having a high work function and a metal electrode having a low work function. Low work 
function metals, such as Al3,4 and Ag25, have been known to cause degradation of device 
performance due to the oxygen and moisture in the atmosphere. An inverted OLED avoids 
the degradation of device performance because it consists of a transparent oxide electrode 
as the cathode, and a metal electrode consisting of a high work-function metal, such as Au 
or Pt, as the anode6–8. The inverted OLEDs have atmospheric stability and favorable hole 
injection to p-type organic semiconductors. On the other hand, it is difficult to inject 
electrons from the oxide electrodes to n-type semiconductors; thus, the drive voltage of 
OLEDs tends to increase with an electrode of high work function because the difference 
with the lowest unoccupied molecular orbital of organic semiconductors is high.   
To improve the device performance and decrease the drive voltage, electron injection 
layers have been used at the interface of oxide electrodes and organic semiconductors. 
Several materials have been used, for example, thin metal oxides9–12 and cationic polymer 
thin films; however, the mechanisms for these materials are different. The metal oxide 
layers were used as the buffer layers at the interface of the oxide electrode and organic 
semiconductor due to the sufficient work function levels and high charge mobility. On the 
other hand, cationic polymers13–16 such as polyethyleneimine (PEI) and polyethylenimine 
ethoxylated (PEIE) are also of interest. These polymers have been reported to decrease the 
work function of oxide electrodes and to maintain the transmittance of the devices owing 
to their ultra-thin films. The thin polymer layers do not affect the device structure and the 
fabrication process; thus, they have been used for OLEDs and organic solar cells17–19. An 
injection mechanism from the PEI or PEIE layers has been suggested in which the work 
function of oxide electrodes decreases16,20,21 and the cationic polymers form a high dipole 
moment on the oxide electrode surface13,14,22. It has been reported that the injection layers 
with PEI or PEIE improved the device performance, such as high luminescence and low 
voltage drive; however, the barrier height of the electron injection has not been determined. 
The carrier injection barrier height at the metal electrode interface has been previously 
reported23–25. The mechanism for the metal/metal interface is explained by the ohmic 
models, and for the mechanism of the metal/organic interface, Schottky (thermionic) 





































































   
3 
emission and tunneling models have been suggested. In our previous studies, the carrier 
injection barrier height was experimentally calculated for the hole injection at the metal 
oxide/organic interface12,24 and for the electron injection at the metal/organic interface23,25. 
In this study, we estimate the electron injection barrier height at the oxide 
electrode/PEIE/organic semiconductor interface using electron-only devices. This 
mechanism can be explained with the tunneling model because the injection current is 
independent of the measurement temperature. Furthermore, we reveal one of the important 
basis properties of inverted OLEDs. 
 
2. Experimental methods 
 The electron injection layer used in this study is PEIE (Sigma Aldrich). PEIE water-
solution was diluted by a factor of 10 using ethanol, and spin-coated at 3000 rpm for 60 s 
onto indium-tin-oxide (ITO) coated glass substrates. The ITO substrates were treated by 
ultrasonic cleaning and UV-ozone before the film coating. The PEIE thickness was 
controlled to be under a few nanometers by the rinse method. Subsequently, 50‒150 nm of 
tris(8-hydroxyquinolinato) aluminum (Alq3; Lumtec) and 70 nm of Al top electrode were 
vacuum evaporated. The device structure was ITO/PEIE/Alq3/Al, which behaved as an 
electron-only device. The forward bias in this work was determined by ITO, which applied 
a positive voltage, and Al, which applied a negative voltage. The active area was 2 × 2 
mm2. The photocurrent of the electron-only-devices was measured at 20‒30℃ under an 
atmosphere with illumination. The light source measurement was a solar simulator (San-Ei 
Electric XES-40S3) at a light intensity of 100 mW/cm2.To evaluate the characteristics of 
electron injection, the temperature dependence of current density versus applied voltage (J-
V) curves were measured at 193–293 K under a vacuum using a semiconductor parameter 
analyzer (Keysight B1500).  
 
3. Results and discussion 
Figure 1a shows the magnification of J-V curves at low voltage with the 100 nm Alq3 
devices under the illumination of 100 mW/cm2. The current density under the illumination 







































































   
4 
shows a larger value than that under the dark condition. Moreover, the applied voltage at 
the minimum current was shifted under illumination, which shift can be obtained in the 
magnified Fig. 1a. The voltage shift increased because the devices generated the internal 
voltage, in agreement with the built-in voltage (Vbi)26,27, estimated to be 0.6 V of 100 nm 
Alq3 devices. The Vbi values of the other devices were estimated to be 0.8 V for 150 nm 
thickness, and 0.2 V for 50 nm thickness of Alq3. Figure 1b shows the expected energy 
diagram20,28,29. Vbi is well-known to correspond with the difference between both the 
electrodes; however, the polar organic semiconductors have been reported to generate the 
interfacial charges and the internal voltage, which had affected the work function of the 
electrodes30,31. The Vbi values of each Alq3 thickness were measured to cancel out the Alq3 
effects. These values are required to calculate the injection barrier because Vbi exists 
without illumination. The temperature dependence of the J-V curves was measured to 
estimate the electron injection barrier height. Figure 2 shows the J-V curves of the reverse 
and forward biases at 193–293 K. The applied voltage, i.e., horizontal axis, subtracts the 
Vbi and expresses as an absolute value. 
The J-V curves of the reverse bias related with the electron injection from the 
ITO/PEIE/Alq3 interface (Fig. 2a). The current density increased with increasing applied 
voltage. Over 7 V, the current density drastically increased; however, it was independent of 





































FIG. 1. a) J-V curves of the 100 nm Alq3 device under illumination of 100 mW/cm2 and 
dark condition. b) Energy diagram of the electron-only-device. 







































































   
5 
the measuring temperature. There are two main injection mechanisms for the metal/organic 
interface—Schottky (thermionic) emission23,27 and Fowler–Nordheim (F-N) tunneling32. 
The current density in Fig. 2a indicates the tunneling model because of the independence 







� , (1) 
where q is the electron charge; E is the applied electric field; h is the Planck constant; 𝜙𝜙B 
is the injection barrier height; and m* is the effective mass, which is equal to the electron 













where S is the active area; d is the thickness of the organic layer; and V (= Ed) is the 
applied voltage. Figure 3 shows the relationship between I/V2 and 1/V, given by Eq. 2 
because of the simple subtraction of the built-in voltage. The curves of all the thicknesses 
of Alq3 are plotted at 193 K because of the low temperature contribution. The F-N 
tunneling injection model is independent of the measuring temperature; however, the high 
temperature probably increased the contribution of Schottky (thermionic) emission. 
Moreover, the large thermal energy could lead to Poole–Frenkel emission in the Alq3 bulk. 


























































FIG. 2. J-V curves of the 100 nm Alq3 device at 193–293 K,  
a) applied the reverse, and b) forward bias voltage subtracted from the built-in voltage. 
 







































































   
6 
the lowest thermal energy. All the curves in Fig. 3 were linearly fitted, provided that the 
plots of the device breakdown at applying the high voltage were neglected. The slopes of 
extrapolation led the injection barrier height to be 0.22 eV for 150 nm, 0.27 eV for 100 nm, 
and 0.40 eV for 50 nm of Alq3. These values mean the electron injection barrier at the 
ITO/PEIE/Alq3 interface, and they decreased with increasing thickness of the Alq3 layers. 
This suggests that the high conductivity at the Alq3 bulk layer decreased the injection 
barrier. The large current due to the bulk layer was observed with the thick Alq3 layers, 
thus promoting the apparent electron injection and leading to the low barrier height.  
Subsequently, the J-V curves of the forward bias related with the electron injection 
from the Al/Alq3 interface (Fig. 2b). The current density increased with an increase in the 
applied voltage and was dependent on the measurement temperature. This result was 
different from that of the reverse bias; thus, the injection mechanism at the Al/Alq3 
interface cannot be explained by the F-N tunneling model. The current in Fig. 2b suggests 
Schottky (thermionic) emission with thermal dependence. The Schottky current JS is 
expressed as 
𝐽𝐽𝑆𝑆 = 𝐴𝐴∗𝑇𝑇2 exp�
−𝑞𝑞(𝜙𝜙𝐵𝐵 − �𝑞𝑞𝑉𝑉/4𝜋𝜋𝜀𝜀𝑖𝑖
𝑘𝑘𝑇𝑇
� , (3) 
where A* is the effective Richardson constant; T is the measurement temperature; εi is the 
dielectric constant of the organic layer; and k is the Boltzmann constant. Figure 4a shows 
the relationship between JS and V 0.5 given by Eq. 3. The low current region is limited by 
FIG. 3. Relationship between I/V 2 and 1/V at applied reverse bias, subtracting the built-
in voltage. The slopes of extrapolation yield the tunneling injection barrier height. 
 







































































   
7 
the injection from the electrode, and the high current region is limited by the bulk mobility 
of Alq3 with sufficient carrier injection. The extrapolation in Fig. 4a led the current density 









+ ln𝐴𝐴∗. (4) 
Figure 4b shows the relationship between J0/T2 and 1000/T under different temperatures 
given by Eq. 4. All plots were fitted linearly; the slope of the extrapolation gave Schottky 
FIG. 5. Alq3 thickness dependence of Schottky and tunneling injection barrier heights. 
(a) (b)














































FIG. 4. a) J-V curves of the 50 nm Alq3 device at applied forward bias, subtracting the 
built-in voltage. The extrapolation gives the current density at zero voltage, J0. b) The 
relationship between J0/T2 and 1000/T. The slopes of extrapolation yield the Schottky 
barrier height. 







































































   
8 
barrier heights of 0.49 eV for 150 nm, 0.55 eV for 100 nm, and 0.58 eV for 50 nm of Alq3. 
The Schottky injection barrier height decreased with an increase in Alq3 thickness, as in the 
F-N tunneling barrier. The estimated barrier heights are summarized in Fig. 5; these values 
decrease with an increase in the thickness of the organic layer. The bulk conductive current 
due to the thick Alq3 layers was superimposed on the measurement current; thus, the 
apparent low barrier heights were calculated with the enlarged current. The thin organic 
layer leads to the calculation of the true barrier height because of the low contribution of 
the bulk conductivity. A lower value for the electron injection barrier height at the 
ITO/PEIE/Alq3 interface was observed than that at the Al/Alq3 interface in this work, and 
at the metal/Alq3 interface23. Injection to the organic layer from the ITO electrode is 
generally difficult. Therefore, the results prove that the PEIE layers are beneficial for 
electron injection from the ITO electrodes. The experimental barrier height values are 
important for the development of inverted OLED devices. 
 
4. Conclusions 
Electron-only devices with PEIE as the electron injection layer were fabricated. 
These simple devices consisted of ITO/PEIE/Alq3/Al, and J-V curves at 193–293 K were 
observed. The J-V curves applying the reverse bias voltage were independent of the 
measurement temperature, and those applying the forward bias voltage were dependent on 
the temperature. In applying the reverse bias, the J-V curves can be explained using the F-
N tunneling model. The tunneling injection barrier was estimated to be 0.22 eV for 150 
nm, 0.27 eV for 100 nm, and 0.40 eV for 50 nm of Alq3 layer. On the other hand, the J-V 
curves at the forward bias indicated Schottky emission, with the barrier height estimated to 
be 0.49 eV for 150 nm, 0.51 eV for 100 nm, and 0.57 eV for 50 nm of Alq3. Both injection 
barrier heights decreased with an increase in the Alq3 thickness because the thick bulk 
layers probably had a contribution of the bulk conductivity and the Pool–Frenkel emission 
model due to the thermal energy. Therefore, it is required for evaluating the accurate 
injection barrier to the thin organic semiconductor layer and to the J-V curve at the low 
temperature. A lower value for the tunneling injection barrier heights at the ITO/PEIE/Alq3 
interface in this work were observed than that at the metal/Alq3 interface; therefore, our 
results indicate that PEIE is a suitable electron injection material. Thus, we revealed one of 
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the important physical properties for the development of inverted OLED devices. 
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Figure Captions 
FIG. 1. a) J-V curves of the 100 nm Alq3 device under illumination of 100 mW/cm2 and 
dark condition. b) Energy diagram of the electron-only-device. 
 
FIG. 2. J-V curves of the 100 nm Alq3 device at 193–293 K,  
a) applied the reverse, and b) forward bias voltage subtracted from the built-in voltage. 
 
FIG. 3. Relationship between I/V 2 and 1/V at applied reverse bias, subtracting the built-in 
voltage. The slopes of extrapolation yield the tunneling injection barrier height. 
 
FIG. 4. a) J-V curves of the 50 nm Alq3 device at applied forward bias, subtracting the 
built-in voltage. The extrapolation gives the current density at zero voltage, J0. b) The 
relationship between J0/T2 and 1000/T. The slopes of extrapolation yield the Schottky 
barrier height. 
 
FIG. 5. Alq3 thickness dependence of Schottky and tunneling injection barrier heights. 
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